ABSTRACT. We provided the first scientific record of Melanagromyza sojae (Zehntner, 1900), through molecular characterization of partial mtDNA COI gene, that confirms the occurrence of this pest in Paraguay. Previously reported in Brazil, an outbreak of larvae of M. sojae known as the soybean stem fly (SSF) that belongs to the family Agromyzidae, was also noted in soybean fields from the Canindeyú, Alto Paraná and Itapúa Departments in Paraguay. This pest is highly polyphagous, attacking various host plant species from the family Fabaceae, such as soybean and other beans. The implications of SSF detection in 2 J.V.C. Guedes et al. Genetics and Molecular Research 16 (3): gmr16039707 Paraguay are discussed in relation to the current soybean cultivation practices from this agriculturally important South American region, including Brazil.
INTRODUCTION
The agriculturally important Agromizidae fly Melanagromyza sojae has been reported in diverse global regions (Dempewolf, 2004) and is regarded as one of the most important pests in soybean fields in parts of Russia (Strakhova et al., 2013) , in Asia [e.g., China (Wang and Gai, 2001 ); India and Nepal (Thapa, 2012) ], in parts of South East Asia [e.g., Indonesia (Van Den Berg et al., 1995) ], and in northern Australia (Shepard et al., 1983) . In Australia, its potential as a significant soybean pest insect was realized with the first major outbreak reported in the tropical north Queensland region of Mackay in 2009, followed by a larger outbreak in the Casino region of northern New South Wales, and resulted in significant damage to Australia's subtropical coastal soybean crops in 2013 (Brier and Charleston, 2013) .
M. sojae was previously identified as an important biosecurity pest for Brazil (Hirose and Moscardi, 2012) . In South America, the genus Melanagromyza was first recorded in regions of Rio Grande do Sul State in southern Brazil, including Passo Fundo in 1983 (Gassen and Schneider, 1985) and São Francisco de Assis in 2009 (Link et al., 2009) . Melanagromyza spp was also reported during the 2014/15 growing season around the southern region of Paraguay (Benítez-Díaz, 2015) . In southern Brazil second soybean growing season of 2015, flies belonging to the Melanagromyza genus were reported in soybean fields from both Santa Catarina and Rio Grande do Sul states (Guedes et al., 2015) . Arnemann et al. (2016a,b) subsequently confirmed the presence of M. sojae in soybean fields in Brazil via morphological and molecular characterization, and developed molecular markers based on the mitochondrial DNA partial cytochrome oxidase I (mtDNA COI) gene to facilitate with its species identification.
Reports indicated that soybean stem fly (SSF) can infest 100% of soybean plants and tunnelled up to 70% of stem length Singh, 1990, 1992) . SSF larvae damage the soybean stem, thereby impacting plant growth leading to reduced soybean yield (Talekar, 1989) . Although suspected, there has been no confirmation of its presence in Paraguay to-date. In this study, specimens collected from four soybean fields in Paraguay were identified as M. sojae by combining both larval feeding behavior on host plants and molecular comparison of the partial mtDNA COI gene region, thereby confirming its occurrence in Paraguay soybean fields.
MATERIAL AND METHODS

Samples
A total of 23 fly larvae were collected from plants from soybean fields located in Corpus Christi (Departamento Canindeyú), San Alberto (Departamento Alto Paraná), Santa Rita (Departamento Alto Paraná) and Pirapó (Departamento Itapúa), Paraguay (Table 1 and 
Total genomic DNA (gDNA) extraction
Individual specimens were washed three times in 1000 µL of fresh (99.9%) ethanol prior to gDNA extraction. Total gDNA from all specimens was extracted from whole larval body using Qiagen DNeasy Blood and Tissue DNA Extraction Kit according to manufacturer instructions. Final elution volume for individual gDNA samples was in 35 µL Qiagen buffer AE, with gDNA quality ascertained by 1.5% agarose gel visualization, and concentration quantified using Qubit 2.0 Fluorometer (Invitrogen).
PCR amplification and sequencing of the partial mtDNA COI gene
We used SSF-specific partial mtDNA COI gene PCR primers (SSF-COI-F01: 5'-GAC AATGATTATTTTCGACAAAT-3'; SSF-COI-R01: 5'-GTAAAATAAGCTCGTGTATCTACA TC-3') developed by Arnemann et al. (2016b) for molecular characterization of the suspected SSF individuals. PCR conditions for the mtDNA COI primer pairs were as previously reported (Arnemann et al., 2016b) . The PCR amplicons were sent to Helixxa, Paulínia-SP-Brazil, for sequencing.
Sequence analysis and molecular characterization of the mtDNA COI gene
The programs Pregap and Gap4 within the Staden package (Staden et al., 2000) were used for editing the sequences. Sequence alignments of all mtCOI haplotypes was carried out using Geneious R9 (Biomatters Ltd., New Zealand). We checked for potential presence of premature stop codons by translating the partial mtCOI sequences into protein sequences by selecting the invertebrate genetic code 5 for amino acid translation. Nucleotide distances (uncorrected P-distance) between specimens from Paraguay and all previously reported mtDNA COI haplotypes from Brazil and Australia (Arnemann et al., 2016b) were calculated in MEGA (Tamura et al., 2013) , and maximum likelihood phylogeny was inferred using the web-based program PhyML (Guindon et al., 2010 ) using the automatic model selection option followed by 1000 bootstrap replications to estimate node confidence. Selection of out-group species Ophiomyia quinta (EF104665) and Ophiomyia nasuta (EF104661) for the phylogenetic analysis was based on the study of Scheffer et al. (2007) .
RESULTS
Our results, based on molecular characterization of the mtDNA COI partial gene, provided the first record of M. sojae in Paraguay, and represented the first confirmation of the occurrence of this pest in soybean fields from the Canindeyú, Alto Paraná and Itapúa Departments in Paraguay. A 906-bp fragment of the mtDNA COI gene was PCR amplified using the SSF-specific mtDNA COI primers from 23 suspected individuals from Paraguay (Table 1) . Post-sequencing trimming of the sequenced amplicons resulted in 740-bp partial mtDNA COI contigs in all samples. The low estimates of evolutionary divergence between M. sojae sequences were as expected at the intra-species level (e.g., Scheffer, 2000; Arnemann et al., 2016b) and ranged from 0 to 0.012% (± 0.001-0.004 SE). The evolutionary divergence between SSF haplotypes from Paraguay and Brazil was 0.005%, and between Paraguay and Australia was 0.003%. All mtDNA COI sequences generated from this study have been submitted to GenBank (accession Nos.: MF441480-MF441487). The inferred partial mtCOI phylogeny (Figure 2 ) suggested a basal position for M. sojae as compared with other Agromyzidae species.
Figure 2. Maximum likelihood (ML) phylogeny analysis using PhyML (Guindon et al., 2010) of Agromyzidae species and Melanagromyza sojae haplotypes (substitution model: GTR+G+I; 7483.12450 (AIC); Gamma shape parameter: 1.075, proportion of invariable sites: 0.608), based on 684bp partial mtCOI gene. The outgroup is Ophiomyia quinta (EF104665) and Ophiomyia nasuta (EF104661) (Scheffer et al., 2007) . Nodes with bootstrap values of >50% are shown. The GenBank accession Nos. for all samples used are provided.
DISCUSSION
From the 23 M. sojae specimens collected from Paraguay, we identified a total of 15 haplotypes, eight of which were novel haplotypes, 6 were identical to previously reported Brazil haplotypes (i.e., 'Msoj-COI-01', 'Msoj-COI-02', 'Msoj-COI-03', 'Msoj-COI-07', 'Msoj-COI-08', 'Msoj-COI-09'; Arnemann et al., 2016b) , and one with Australia (haplotype 'Msoj-COI-02' (Arnemann et al., 2016b) , individuals 17 and 18, from Pirapó, Table 1 ).
Our study enabled a preliminary genetic diversity survey of SSF in Paraguay and provided the first insights into potential patterns of biological incursion in the Cone Sul region of South America. Efforts must now be made to re-examine biosecurity protocols relating to phytosanitary practices of agricultural and horticultural commodities that are entering Paraguay and Brazil. Studies to date, including that of Arnemann et al. (2016a,b) have surveyed only limited populations of SSF in both Brazil and Paraguay, thereby limiting detailed understanding the genetic diversity of SSF populations in the Cone Sul regions of South America. While detection of unique haplotypes that are not shared between Paraguay and Brazil points to a potential hypothesis of multiple independent incursions of SSF in South America, increasing sampling sizes and the molecular characterization of multiple DNA gene regions will be needed to better test this hypothesis. The potential of establishment of M. sojae in the North and across the South American continents is unknown. However, M. sojae has been detected across diverse eco-climatic zones (Dempewolf, 2004) and it would suggest that it has the potential to also establish successful populations throughout the New World. Understanding the potential distributional range of M. sojae may benefit from pre-emptive population modelling to assist with biosecurity preparedness, as has been carried out for H. armigera (Kriticos et al., 2015) .
The Paraguay soybean area is estimated to be 3.82 million hectares, with 0.56 million hectares in the second growing season (off-season), with estimated grain production of 8.8 million tons, resulting in Paraguay being the 6th worldwide highest soybean production country (Capeco, 2016) , and contributing an approximate US$2.93 billion to the country economy. Our study has confirmed the presence of SSF in the three most important Departments for soybean production in Paraguay (i.e., Canindeyú Department, Alto Paraná Department, Itapúa Department). This correspond to 65.8% of soybean cultivated area in Paraguay (Peckholtz, 2015) . These Departments are located at the eastern region of Paraguay, being the closest region to Santa Catarina and Rio Grande do Sul States, both of which have significant soybean growing activities and are the regions where SSF was also identified (Arnemann et al., 2016b) . Gene flow patterns of SSF populations between Brazil and Paraguay will be needed to better understand the extend of population boundaries, and which will be crucial for the development of either regional or country-specific pest management practices.
The confirmation of M. sojae occurrence in Paraguay is the first step towards developing effective integrated pest management (IPM) and resistance pest management (RPM) strategies. Agronomists and soybean growers from Paraguay mentioned that in the 2015/16 crop season, the SSF incidence on early soybean sowing season was moderate and restricted to first sown fields. However, on the late growing season, the incidence was high, reaching up to 100% of attacked plants in most fields. Occurrence and distribution of M. sojae in soybeans fields of Paraguay during two seasons suggested that the insect population to be substantially established in the country, especially because the incidence of Agromyzidae flies was mentioned in the last decade on soybean on Paraguay. Despite this, overall yield losses due to SSF damage in Brazil and Paraguay remained poorly understood. Similarly, ecological knowledge of SSF in the New World, including native beneficial insects that target this insect pest, will be needed if effective IPM and RPM were to be developed.
Across Old World regions, where SSF is endemic and represents an economically important pest for the soybean crop, important control measures have involved the use of resistant cultivars and sowing outside population peaks. The use of endemic beneficial insects, such as parasitoids, has been mentioned as one of the important biological control strategies (e.g., Talekar, 1990; Van Den Berg, 1995) . The evaluation and use of insecticides applied to seed or foliar sprays have also been reported (e.g., Adak et al., 2012; Jadhav et al., 2013) . In Paraguay, the use of seed treatments with insecticides belonging to the neonicotinoids, phenyl pyrazole, carbamates group and foliar pulverization with pyrethroids, avermectin, neonicotinoids, organophosphorus, diamides, carbamates and IGRs insecticides are currently the main strategy for controlling other major insect pests of soybean, including caterpillars (e.g., Chrysodeixis includens, Helicoverpa spp (i.e., H. zea; and potentially H. armigera known to be also present in Paraguay; Arnemann et al., 2016c) and stink bugs (e.g., Euschistus heros, Piezodorus guildinii) and beetles (e.g., Sternechus subsignatus). However, given the high incidence of SSF in the second soybean crop of 2015/16, and despite the intense use of such chemicals, it suggested that chemical control for the management of SSF in Paraguay has not achieved its desired outcome. This highlights the need to re-evaluate the effectiveness of these pesticides and insecticide resistance profiles of SSF, and potential benefits of adopting alternative new genetic technologies such as BT-GMOs crop to assist with SSF control.
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